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A convection model to explain anisotropy of the inner core

H.-R. Wenk,' J. R. Baumgardner,” R. A. Lebensohn,’ and C. N. Tomé*

Abstract. Seismic evidence suggests that the solid inner core of the Earth may be anisotropic.
Several models have been proposed to explain this anisotropy as the result of preferred
orientation of crystals. They range from a large annealed single crystal, growth at the melt
interface, to deformation-induced texture. In this study texture development by deformation
during inner core convection is explored for e-iron (hcp) and y-iron (fcc). Convection patterns
for harmonic degree two were investigated in detail. In the model it is assumed that traces of
potassium are uniformly dispersed in the inner core and act as a heat source. Both for fcc and hep
iron, crystal rotations associated with intracrystalline slip during deformation can plausibly
explain a 1-3% anisotropy in P waves with faster velocities along the N-S axis and slower ones
in the equatorial plane. The effect of single crystal elastic constants is explored.

1. Introduction

The nature, composition, and structure of the solid
inner core of the Earth has fascinated geophysicists for
many years [e.g., Anderson, 1980; Jeanloz, 1990;
Stevenson, 1981]. Ever since the discovery of seismic
anisotropy in the inner core [Morelli et al., 1986;
Woodhouse et al., 1986], the implications for its
structure have been discussed. There is still a lot of
controversy and rarely a subject has received so much
attention in prestigious journals such as Science and
Nature. Some remain convinced that it exists [e.g.,
Song, 1997]; others are doubtful [Bréger et al., 1999].
Some think that it is confined to the outer layer [Tromp,
1993]; others believe that anisotropy is closer to the
center [Song and Helmberger, 1995]. Elastic constants
are claimed to be highly anisotropic [Mao et al., 1998];
others think that they are close to isotropic [Stixrude
and Cohen, 1995]. The inner core may rapidly rotate
relative to the mantle [Song and Richards, 1996] or not
rotate at all [Buffett and Creager, 1998]. Proposals for
crystal alignment in the inner core range from
deformation-induced texturing during convection
[Jeanloz and Wenk, 1988; Wenk et al., 1988], growth in
a stress field [Yoshida et al, 1996], growth 'in a
magnetic field [Karato, 1993], deformation in a
magnetic field [Karato, 1999], solidification texturing at
the boundary with the liquid outer core [Bergman,
1997] to a gigantic single crystal, 2500 km in diameter,
growing in a melt [Stixrude and Cohen, 1995]. Such a
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crystal would be about 5 orders of magnitude larger
than the largest crystal presently known and is difficult
to imagine. The controversy clearly illustrates how little
we really know about the inner core. In fact, in spite of
many detailed studies and a large literature, there is still
uncertainty about the phase composition of the inner
core, the melting temperature, and there is no agreement
about the distribution of anisotropy, not to speak of the
mechanisms that produce it. In this report we add a
piece to this puzzle by combining new methods of
materials science, mechanics, and geodynamics to
revisit core convection. We do not exclude any of the
hypotheses but simply investigate, on a quantitative
level, how anisotropy could plausibly develop if certain
conditions prevail. o

Many seismologic - studies have confirmed the
original observations [Morelli et al., 1986; Woodhouse
et al., 1986] that compressional waves travel 3 to 4%
faster along the (vertical) axis of the Earth, than in the
equatorial plane [e.g. Creager, 1992; Romanowicz et
al., 1996; Shearer et al., 1988; Shearer, 1994; Song and
Helmberger, 1995; Su and Dziewonski, 1995; Tromp,
1993; Vinnik et al, 1994], though a recent study
suggests that this conclusion may be an artifact due to
heterogeneities in the core-mantle boundary [Bréger et
al., 1999] and the picture is clearly more complicated.
In this study we assume that anisotropy exists and are
exploring a possible mechanism by which it developed.

A directional dependence of seismic wave
propagation speed can either be due to a layered
structure with components of highly contrasting elastic
properties (e.g., solid-liquid, solid with oriented open
fractures) or due to an alignment of crystals with
anisotropic elastic properties (texture). The former is an
important consideration for sediments at the Earth’s
surface [Crampin, 1981] but highly unlikely at the high
pressure and temperature of the inner core.

There are various ways in which a preferred
alignment of crystals can originate. It can either be a
result of primary growth (examples are fibrous growth
of quartz on a flat surface, epitaxial growth of a
superconducting oxide on a single crystal substrate or
growth in a melt with a temperature gradient [DeRango
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et al., 1991; Huang et al., 1985; Selvamanickam and
Salama, 1990]), of deformation by dislocation glide (as
in cold-worked metals or tectonically deformed rocks),
or of secondary growth of a deformed aggregate by
recrystallization (minerals in many recrystallized
metamorphic rocks show preferred orientation patterns).
The preferred orientation (or texture) that develops
during recrystallization: is related to the deformation
texture [e.g., Doherty, 1997, Haessner, 1978,
Humphreys and Hatherly, 1995; Wenk et al., 1997].
Deformation in the Earth’s interior is pervasive. It is
generally accepted that convection occurs in the solid
mantle and in the liquid core. Models of mantle
convection with finite element methods and polycrystal
plasticity theory have confirmed that strong and locally
heterogeneous textures (FEM) are produced that result
in characteristic seismic anisotropy [Chastel et al.,

1993, Dawson and Wenk, 1999]. In this paper we
follow up on the intuitive suggestion of Jeanloz and
Wenk [1988] that convection may also exist in the solid
inner core, and formulate a quantitative model,
exploring the limitations and possibilities of such a
mechanism for the development of seismic anisotropy.
We will show that, with realistic assumptions about
geometry, composition, boundary conditions, and
mechanisms, convection in a sphere with an internal
heat source does indeed produce strong crystallite
alignment, sufficient to explain the observed seismic
anisotropy. We will also show that the intuitive
conclusions of Jeanloz and Wenk [1988] about crystal
" alignment during convection were wrong.

The model that we present is simplified to explore
general features rather than detailed local structures.
Contrary to the mantle, where the case for convection is
very straightforward, many parameters for the core are
much less defined, and the spherical geometry
introduces considerable numerical complications.

2. Finite Element Model of Core Deformation

Estimates for the physical parameters used to model
inner core convection are listed in Table 1. Most of the
values in this table are constrained to within 10% by
seismological observations, by high-pressure mineral
physics experiments, or by a combination of the two.
Larger uncertainties, however, are associated with the
radiogenic heating rate, the dynamic viscosity, and
perhaps also the thermal conductivity. But only the
uncertainty in the radiogenic heating impacts the results
in any significant way, as discussed below.

Table 1. Inner Core Parameters
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Convection is pervasive in the liquid outer core [e.g.,
Glatzmaier and Roberts, 1995, 1996]. However, before
attempting to explain anisotropy in the inner core as a
result of convection, it needs to be established whether
convection can occur at all. A basic requirement in this
regard is that the heat production be large enough to
sustain a superadiabatic temperature gradient, at least
near the inner core surface. We can obtain a minimum
value for the required heat production rate from
Fourier's law for conductive heat transfer, ¢ = k dT/dz,
together with the relation for the adiabatic gradient,
dT,a/dz = agT/c,. Here q is heat flux per unit area, & is
thermal conductivity, T is absolute temperature, z is
depth, a is the volume coefficient of thermal exparision,
g is gravitational acceleration, and c, is specific heat at
constant pressure. If we assume uniform volumetric
heating, the minimum heat production Hyy, required to
sustain an adiabatic condition, is given by Hpy, =
3kogT/rocp, where ry is the inner core radius. The
parameters in Table 1 yield a value for Hy, of 4 x 10
W/m® and corresponds to a total heat production in the
inner core of 3 x 10" W. This value for H, is a factor
of 40 larger than the value from Merrill and McElhinny
[1983, Table 1]. Therefore it seems at first that
convection is unlikely.

There are at least two conceivable sources for heating
of the inner core. Uramum and thorium contribute of
the order of 2.3 x 10" W to the current heat generation
budget for the Earth [Stacey, 1992]. If about 1% of the
Earth’s U and Th were originally concentrated in the
core and gravitationally segregated at its center before
inner core freezing began, it would provide sufficient
heat to drive inner core convection.

Similarly, if a modest fraction, of the order of 2-10%,
of the planetary potassium were initially segregated into
the core and concentrated in the solid phase, the
resulting heat production would suffice [Jeanloz, 1990].
Compared to chondritic composition, the crust and
upper mantle are deficient in K. A concentration of K in
the core also seems to be justified because at high
pressures an electronic phase transition in potassium
compresses its 4s valence electrons irito the empty 3d
shells and potassium attains a siderophile character.
Potassium, at lower mantle and core pressures, behaves
as a first transition series metal like iron and nickel
[Bukowinski, 1976, 1979] and is likely to form alloys
with iron [Parker et al., 1996] and exist in the solid
inner core. '

The three-dimensional spherical finite element code
TERRA [Baumgardner, 1985, 1988] is applied to

Parameter Value Reference

Mean density, kg m 12,850 Masters and Shearer [1990]
Radius, 10 m 1.22 Masters and Shearer [1990]
Surface temperature, K 5500 Stixrude and Brown [1998]
Specific heat, ] kg™l K1 840 Glatzmaier and Roberts [1996]
Heat production, W m™ 102 Merrill and McElhinny [1983]
Thermal expansion, k! 107 Glatzmaier and Roberts [1996]
Thermal conductivity, W m1 K-1 60 Stixrude and Brown [1998]
Dynamic viscosity, Pa s 1016C+-3)  Frost and Ashby [1982]
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Figure 1. (a-c) Cross sections and (d-f) surface images at middepth of the velocity field for three different
mostly degree two harmonic patterns that alternate in time during internally heated convection in the inner
core. Triangles denote radial upward flow, and squares denote radially downward flow. Peak velocities are

approximately 10 cm/y in all cases.

model the problem of inner core convection. Since
TERRA is designed to address spherical shell
geometries, we treat the inner core as a spherical shell
rather than a complete sphere because convection
through the center of the sphere would introduce
singularities. A small rigid sphere with a radius of 400
.km (representing 0.15% of the volume of the core as a
whole and 3.5% of the volume of the inner core) is
introduced. We have shown with numerous simulations
that such a small rigid sphere in the center has a
minimum influence on the flow pattern. While this

geometry was chosen for numerical reasons and is
arbitrary, it may have a physical justification if insoluble
elements heavier than iron concentrate in the center of
the core. The geometry implies a harmonic degree two
convection pattern will be favored, based on analytical
marginal stability considerations as well as prior
numerical investigations at supercritical Rayleigh
numbers [Chandrasekhar, 1961, Zebib et al., 1983], and
the results will be shown for that case.

The outer boundary (with the liquid outer core) is
taken to be isothermal and free slip, with a fixed
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temperature of 5500 K. We choose an insulating
boundary condition for the inner boundary, which
implies 100% internal heating for the shell. For
computational reasons we choose a free slip stress
condition also for this boundary. We assume an
adiabatic reference temperature for the shell and use a
linear equation of state to obtain density differences
from deviations in temperature relative to the adiabatic
reference state. The material is assumed to be a
Newtonian fluid. We assume a heating rate only 0.001
times larger than that required to maintain an adiabatic

temperature profile near the top of the inner core. This
yields a Rayleigh number of approximately 100 times
the critical value, using the parameters from Table 1,
including a dynamic viscosity of 1 x 10" Pa s.

As an initial temperature distribution we choose a
degree two spherical harmonic perturbation to the
adiabatic reference state with positive values of
temperature perturbation around the equator. Although
this solution appears stable for a few convective
overturns, at longer times the pattern is found to
alternate among three degree two patterns and never
attain a steady state. The three patterns include one
with upwelling along a great circle and downwelling
centered at the two points 90° away (north and south
poles) (M=2, L=0); one with downwelling along a great
circle and upwelling centered at the two points 90° away
(north and south poles); and one with two zones of
upwelling and two zones of downwelling, alternating
around a great circle (M=2, L=2). The velocity

distribution for these three stages is illustrated in

Figures la-1f. The first of these three patterns seems to
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Figure 2. Streamlines for degree two harmonic convection
during stage in Figure 1a with axial symmetry, subduction at
poles, and extrusion in the equatorial plane. Three
streamlines, A, B, and C are indicated, with eight positions
for which textures were evaluated. For positions 1, 3, 5, and 7
of outer streamline (A) and intermediate streamline (B)
textures are displayed in Figures 6 and 7 and discussed in the
text.
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Figure 3. Strain rate components for external streamline A in
Figure 2, expressed in equatorial/polar reference system.

be preferred in a time-average sense over the other two
and is chosen for computing the development of texture
and anisotropy in this paper. A cross section with three
streamlines is illustrated in Figure 2. The numerical
calculations suggest convection in the inner core may
not be steady over very long time spans and that the
pattern we are selecting may not correspond to exactly
the one which currently exists. Nevertheless, we
believe the pattern and magnitude of anisotropy it
generates .is illustrative of the manner convection
processes can operate in the inner core.

- As far as the FEM model is concerned, the material is
chosen as an isotropic medium. This is different from
the approach used in modeling anisotropy development
in the upper mantle [Chastel et al., 1993; Dawson and
Wenk, 1999] where the medium was anisotropic and
each element representative of an assembly of crystals.
In those studies it was observed that the anisotropy did
not have a major influence on the flow pattern, and
given the large uncertainties in the inner core and the
exploratory character of this investigation, an isotropic
approach seemed justified.

The deformation at a certain time increment was
evaluated along selected streamlines. In all cases we
observe large strains along streamlines and
correspondingly expect strong texture development. The
strain evolution along a streamline is rather
complicated. Figure 3 shows cyclic changes in some
components of the symmetric and skewsymmetric parts
of the strain rate tensor calculated for the outer
streamline in Figure 2 (labeled A), starting near the
north-pole (at point 0). At the beginning, the strain state
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consists mainly in extension along x; (N-S) direction
(i.e., large positive ds;) but this is reversed after point 2
to become compressive along this direction (negative
ds3). The components d;; and d,, are complementary to
ds3. During spreading (from point 6 to 14) the material
mainly undergoes a plain strain deformation (extension
along N-S and shortening along E-W). At those points,
the diagonal components as well as the shear strain rate
di; are minimal and no further texture evolution takes
place, only a rigid rotation of the pre-existent texture.
Correspondingly, the Von Mises equivalent strain rate
dyy is also relatively low during spreading and large
during downwelling and extrusion. The spin rate
component ®;3, which gives the rigid body rotation
relative to the Cartesian reference frame, also reaches a
maximum during subduction-extrusion and a minimum
during spreading. Furthermore, whereas the sign of w3
practically does not change throughout the trajectory
(except for a short interval near point 5) the
representative material rotates almost always in the
same sense, making a complete turn after-one cycle.

3. Polycrystal Plasticity

From these FEM simulations it is evident that if
convection occurs, deformations are large and the
deformation path is rather complex. If the material is
polycrystalline it has to conform to laws of polycrystal
plasticity. Depending on material characteristics and
conditions, deformation may occur by volume or grain
boundary diffusion or by dislocation movements. With
decreasing stress, diffusion mechanisms gain in
importance. We assume that deformation by slip
produces lattice reorientations. Additional climb and
recovery would weaken texture evolution, and dynamic
recrystallization may modify the orientation pattern
[Humphreys and Hatherly, 1995]. These mechanisms
-are difficult to model in the absence of experimental
data for e-iron. By analogy to other materials we do not
expect a major influence on anisotropy development
[e.g., Wenk and Tomé, 1999].

The complex mutual influence of anisotropy, lattice
preferred orientation, and plastic deformation of real
polycrystalline materials has been a matter of extensive
research [e.g., Kocks et al., 1998]. A real polycrystal
deforms maintaining local stress equilibrium and strain
compatibility. This is achieved through the development
of intergranular and intragranular heterogeneities (i.e.,
variation of stress and strain from grain to grain and
within grains, respectively). Such a situation is
extremely difficult to model and therefore some
simplifications are necessary. The  “upper bound”
Taylor [1938] model which assumes homogeneous
deformation throughout the polycrystal, regardless of
crystal orientation, and the “lower bound” Sachs [1928]
model which assumes stress equilibrium and sacrifices
strain compatibility are among the simplest polycrystal
models that have been applied to simulate deformation
by intracrystalline slip.

Unlike Taylor or Sachs approaches, which assume
that strain rate or stress is the same in all grains,
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respectively, a viscoplastic self-consistent (VPSC)
formulation [Molinari et al., 1987] provides more
freedom for grains to deform individually, depending on
orientation. The VPSC model basically regards each
grain of the polycrystal as a viscoplastic inclusion
deforming in a viscoplastic homogeneous but
anisotropic effective medium having the average .
properties of the polycrystal. The VPSC model, in its 1-
site [Lebensohn and Tomé, 1993] and n-site [Canova et
al., 1992] approximations, has been widely used for the
prediction of deformation textures in metals and
minerals [ Tomé and Canova, 1998; Wenk, 1999].

A polycrystal plasticity model requires as input
knowledge about the crystallography of the phases
which are present, the active intracrystalline
deformation mechanisms such as slip and mechanical
twinning, including critical resolved shear stresses for
slip systems and their strain rate sensitivity (often
expressed as stress exponent). The initial
crystallographic ~ and  morphologic  orientation
distributions of the constituent grains-are also required.
The simulation then consists in imposing a deformation
history in incremental steps of strain. In the case
presented here we use the strain evolution along a
streamline as predicted by the finite element model. As
a strain is imposed to all grains, the material responds
with an average stress. In each grain, slip systems are
activated and the shear on each system is recorded. This
shear may cause hardening of the critical shear stresses.
Since the materials under consideration is close to the
melting point, significant hardening is unlikely and was
omitted.

Also the grain morphology may change along the
simulation. Due to plastic deformation, the ellipsoids
representing the grains may rotate and become
elongated in some directions and flat in others.
However, for the core’s conditions of high temperature
and low strain rate, it is plausible to assume that
diffusion mechanisms will prevent any morphologic
evolution and therefore the grains will remain equiaxed
throughout the deformation process.

As plastic deformation occurs, there is a lattice
rotation of the crystal relative to its orientation in the
previous step. This rotation can be described as the
superposition in terms of three different components: a
macroscopic spin, a local spin, and a plastic spin
[Lebensohn and Tomé, 1993]. The first one (macro) is
given by the overall rotation of the polycrystal (skew-
symmetric part of the average displacement gradient).
The second one (local) depends on the magnitude of the
local deviations in strain with respect to the average and
on the assumed grain shape. The third component
(plastic) can be derived from the shears on the slip
systems. Particularly, the local component vanishes for
spherical grains, which is the case in this calculation.

Due to these rotations, a new orientation distribution
evolves, and this is of primary interest in the present
paper. Since physical properties of an aggregate are
related to the properties of single crystals, we can
simulate the evolution of macroscopic physical

properties from knowledge of crystal orientations
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Figure 4. Simulation of texture development for a hexagonal metal deformed in simple shear to a strain of
50% and 100%. (a) Pole figures with discrete ¢ axes (0001). (b) Pole densities are contoured and expressed in
multiples of a random distribution; logarithmic contours, dot pattern below 1 multiples of a'random
distribution (m.r.d.). The figure compares results for different critical shear stresses. (left) Basal slip is twice as
easy as prismatic slip; (right) Basal slip is twice as hard as prismatic slip. Projection is equal area; macroscopic

shear plane and shear direction are indicated.
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convection cell there 1is heterogeneity of crystal
orientations on two scales.

First, there is heterogeneity within the convection cell
depending on the location of the material within the
cell. In order to obtain average elastic properties of the
inner core, one has to average over textures in all
locations, giving proper weight to the volume that each
represents.

Second, there is also heterogeneity on the scale of an
aggregate. An orientation distribution may be random or
non random. This is most easily represented in pole
figures that illustrate the distribution of a particular
crystallographic direction, projected on a sphere. Figure
4 shows ¢ axis (0001) pole figures for deformation
simulations of a hexagonal metal in simple shear. The
shear plane is horizontal. In Figure 4a (top) the texture
is represented with (0001) poles, each corresponding to
a crystal. A continuous distribution can be obtained, for
example, by fitting each orientation with a Gaussian and
contouring on the sphere locations of equal orientation
density (for representations and data transformations the
software BEARTEX was used [Wenk et al., 1998)).
Generally, pole densities are compared with those of an
aggregate with a random orientation distribution as
illustrated for the same textures in Figure 4b (bottom).

As mentioned above, a central ingredient to
polycrystal plasticity is the identity of the phase and the
active slip systems. The phase diagram of iron at high
pressure and high temperature has been investigated
experimentally and theoretically, but there is still

core. There is general agreement that the main
component is an iron-rich alloy, but there is uncertainty
about how pure this Fe-Ni alloy is [e.g., Mao et al.,
1990], and there are suggestions that sulfides may be
present [Jephcoat and Olson, 1987; Anderson and
Ahrens, 1996]. From shock experiments the melting
curve has been determined, and this puts constraints on
the boundary between the liquid outer core and the solid
inner core [e.g., Anderson, 1990; Boehler, 1993;
Williams et al., 1987]. It has been established that the
most likely phases are either hexagonal close-packed (e-
iron, hep), or cubic close-packed (y-iron, fcc) (e.g.,
experiments by Brown and McQueen[1986], Jephcoat
et al.[1986], Yoo et al. [1995], Mao et al.[1998], and
first principles calculations by Singh et al[1991],
Soderlind et al.[1996], Stixrude and Cohen[1995],
Wasserman et al.[1996]). Some experimental studies
suggest that yet other polymorphs of iron, related to the
hexagonal structure, may be present [Sayers, 1990; Ross
et al, 1990; Saxena et al, 1993]. In this study we
investigate only fcc and hcp iron, and the specific
results apply to these two crystal structures, but general
conclusions about polycrystal plasticity and texture
development would be valid for other phases as well.

As far as slip systems are concerned, the case is
straightforward for fcc where the slip mode
{111}<110> with 24 symmetrically equivalent variants
is usually the only one. The case for hcp is more
complicated because (0001)<1210> basal slip, {101
0}<1210> prismatic slip, {1011}<1210> pyramidal <a>
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Table 2. Slip Systems of fcc and hep Metals As Used in the Simulations

Structure Slip System Slip Type CRSS Ratio
fee {111}<110> 1 -
hep (0001)< 1210> basal slip 1
hep {1010}<1210> prismatic slip 1
hep {1011}<1210> pyramidal <a> slip 10
hep {1011}<1123> pyramidal <c+a> slip 10

slip, {1011}<1123> pyramidal <c+a> slip and also
several twinning modes have all been observed and
influence texture development differently [Lebensohn
and Tomé, 1993; Lebensohn et al., 1996; Tenckhoff,
1974, 1978]. Hexagonal metals have been divided into
two groups, those with a high c/a ratio such as Zn and
Cd and others with a low c/a ratio such as Zr and Ti.
Hexagonal ¢-iron has a low ¢/a ratio, and therefore it
has been suggested that it should behave similarly as
titanium and zirconium with basal and prism <a> slip,
respectively. There is uncertainty whether the c¢/a ratio
or the stacking fault energy is more important in
determining the exact values of critical shear stresses
[Poirier and Price, 1999]. Il any case in all hexagonal
metals and particularly at high temperature more than
one slip system become active (prismatic, basal, and
pyramidal). The relative activity depends on grain
orientation (Ti [Pochettino et al., 1988; Prantil et al.,
19951, Be [Greenspan, 1965] Zr [Akhtar, 1973, 1975)).
Critical resolved shear stress ratios for the systems used
in our simulations are listed in Table 2. In hexagonal
metals, mechanical twinning is not observed at high
temperature, and pyramidal slip plays a secondary role.
Consequently, basal and prismatic slip are the most
likely active systems. With the fully anisotropic 1-site
VPSC model it is possible to reproduce experimentally
observed crystal orientation patterns of hexagonal
metals, both at low and at high temperature conditions
[Lebensohn and Tomé, 1994, 1996; Lebensohn et al.,
1996; Tomé and Canova, 1998].

We have explored the influence of relative ease of
prismatic and basal slip on texture development by
comparing simple shear simulations to strains of 50%
and 100%. We assumed that prismatic slip is 2 times
harder than basal slip (Figure 4, left side) and that basal
slip is 2 times harder than prismatic slip (Figure 4, right

Table 3. Elastic Moduli for Selected Metals

side). The two patterns are very similar. Texture
development is a bit stronger if basal slip is favored.

The reason for this can be easily figured out by
analyzing the reorientation associated with both slip
modes. While the plastic spin due to basal slip reorients.
the basal poles toward the most compressed direction,
the one due to prismatic slip gives a rotation around the
(0001) direction, leaving the basal pole orientation
invariant. Provided the contribution of the local spin is
negligible for equiaxed grains, the orientation
distribution of the basal pole will be dictated by the
superposition of the macro rotation and the plastic
rotation associated with basal slip. Therefore, if basal
slip is favored over prismatic slip, this would just speed
up the alignment of the basal poles with the current
compressive direction but would not qualitatively
change the simulated basal texture pattern. In the core
simulations we assumed that critical shear stresses for
basal and prismatic slip were equal. This is consistent
with direct observations of preferred orientation of &-
iron in diamond anvil experiments that suggest activity
of basal slip [Matthies et al., 1999]. We are satisfied
that the uncertainty about exact critical shear stresses
has little effect on final orientation of the basal poles
and therefore on the predicted anisotropy of the seismic
wave propagation velocities, contrary to the conclusions
of Poirier and Price [1999].

A larger uncertainty than with slip system activity is
associated with elastic constants (Table 3) which are
needed to calculate elastic properties and seismic
velocities of textured polycrystals by averaging. For €-
iron and y-iron at core pressures these are based on first
principles calculations at 0 K [Stixrude and Cohen,
1995; Soderlind et al, 1996] and derived from
polycrystal diamond anvil experiments at 54 GPa [Singh
et al., 1998] and 211 GPa [Mao et al, 1998]. The

Cu Css (om Ci Cis p References
e-Fe (hep) 1801 1919 445 865 810 13 Stixrude and Cohen [1995] (core pressure)
e-Fe(hcp) 2750 2780 767 893 1470 13 Soderlind et al. [1996] (400GPa, 0 K)
e-Fe (hep) 552 562 395 335 301 Singh et al. [1998] (52 GPa, Voigt)
g-Fe (hep) 639 648 422 300 254 Singh et al. [1998] (52 GPa, Hill)
e-Fe (hcp) 1303 1302 960 637 637 13 Mao et al. [1998] (211 GPa)
y-Fe (fcc) 1658 1658 636 941 13 Stixrude and Cohen [1995] (core pressure)
y-Fe (fcc) 2208 2208 950 1536 13 Soderlind et al. [1996] (400 GPa, 0 K)
Ti (hep) 160 181 46.5 90 66 4.5 Brandes [1983]
Zr (hep) 144 166 334 74 67 6.5 Brandes [1983]
Zn (hep) 163 63 39 36 53 7.1 Brandes [1983]

Stiffnesses in GPa and density in g/cm’.
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experimental data suggest a higher anisotropy for e-
iron. We will compare results for both.

4. Results

4.1. Texture Development

The convection pattern in an internally or bottom
heated cell can be quite complex and time dependent
(e.g., Tackley, 1996). In this exploratory study we have
constrained the convection pattern to axial symmetry
about the Earth’s axis. This does not have a particular
physical justification, except that it conforms to seismic
observations. Calculations were done for harmonic
degree one and harmonic degree two convection, and
only results for harmonic degree two are shown. Going
to higher orders would change details in the pattern and
produce higher local heterogeneity.

A strongly time-dependent convection pattern is
observed, dominated by degree two harmonic
components. RMS velocities are of the order of 10
cm/yr; strain rates are of the order of 10 /s and
stresses of the order of 10 Pa. The advective component
of heat flux is 3 x 10° W, or about 0.1% of the
conductive flux. Figure 1 shows three snapshots in time
of the velocity field in the time-dependent solution. On
the average there is no correlation between the
orientation of the patterns with the coordinate axes. For
convenience in our texture calculations we selected the
pattern of the top snapshot in Figure 1 that does show
good alignment with the coordinate axes and features
downwelling flow at the coordinate poles and upwelling
around the coordinate equator. A full cycle of the
convection pattern takes about 50 million years.

Three streamlines from the pattern in Figures la and
1b are displayed in Figure 2 (only a quadrant of the
shell is shown, with axial symmetry assumed along the
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N-S axis and a mirror plane in the equatorial plane).
The external streamline displays a bulge around the

central nucleus that was assumed to be rigid. As
explained above, this nucleus was merely introduced for
numerical stability and there is no visible effect on the
flow pattern for the internal streamlines. One cycle for
the outer trajectory (A) requires about 26 million years
and for the inner cycle (C) requires 19 million years.

Texture simulations were performed for both fcc and
hep iron. Slip systems and critical shear stresses are
listed in Table 2. As stress exponent we used 3 (in the
finite element flow model a Newtonian fluid was
assumed, n=1). An initial distribution of 400 randomly
oriented grains was placed at points labeled “1” in
Figure 2. It was assumed that no hardening takes place
and that the grain shape remains equiaxed.

The strains arising from convection are large, with
large changes, both for normal and shear components
(particularly between points 2 and 4 of the external
streamline (A) as illustrated in Figure 3), and texture
development is intense. Figures 5 shows the evolution
of texture for fce, and Figure 6 shows the evolution of
texture for hep iron, both for the external (Figures 5a
and 6a) and the intermediate trajectory (Figures 5b and
6b) for locations 1, 3, 5, and 7. We show (111) pole
figures for fcc and (0001) pole figures for hcp. The
poles to (111) and (0001) correspond to fast wave
propagation directions in those crystals if elastic
properties of Stixrude and Cohen [1995] are assumed.
Keep in mind that these pole figures are not projections
on the Earth but illustrate orientation distributions at
different locations in the inner core. However, they are
related to Earth coordinates in that the center is parallel
to the N-S axis and the. periphery parallel to the
equatorial plane (contrary to Figure 2).

In the case of fcc (Figure 5) and an external
trajectory, initially a strong extrusion texture forms (step

Figure 5. Texture development along the (a) external and (b) intermediate streamline for positions 1, 3, 5, and
7, as illustrated in Figure 2. It is assumed that the material is fcc iron deforming by (111)<110> slip; {111}
pole figures for 400 grains are represented in equal-area projection. The N-S axis is at the center, and the

equatorial plane is at the periphery.
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Figure 6. Texture development along the (a) external and (b) intermediate streamline for positions 1, 3, 5, and
7, as illustrated in Figure 2. It is assumed that the material is hcp iron deforming by basal and prismatic slip;
0001 pole figures (c axes) for 400 grains are represented in equal-area projection. The N-S axis is in the center

and the equatorial plane is at the periphery.

1) with a typical (111) maximum in the extrusion
direction and two small circles of (111) poles; (100)
pole figures (not shown) also display a maximum in the
extrusion direction. This is the typical double fiber
texture observed during wire drawing of fcc metals
[Rollett and Wright, 1998]. As the material gets drawn
out into the equatorial plane, the texture becomes less
symmetrical due to a shear component. As position 5 is
approached, the main components of a rolling texture
develop, without significant change between positions 5
and 7.

We are not showing textures along the outer part of
the trajectory. In fact, texture patterns do not change
greatly but simply undergo a rigid body rotation (Figure
3). In our texture simulations we have imposed that in
the external region, close to the boundary with the
liquid outer core, the texture reverts to random. A
physical justification is that materials close to the
melting point undergo annealing recrystallization, and
texture strength is likely to be reduced. We impose that
the texture remains random until the representative
material volume reaches point 0 and then texture starts
to develop again, as during the first cycle.

For the intermediate trajectory (B in Figure 2),
texture development is less intense, again changing
from an extrusion texture to a rolling texture. Overall,
for fcc there is a (111) concentration in the polar
direction. As we advance from position 5 to 8, the
texture changes correspond mainly to a rigid body
rotation as described above. In this case, the sequence
of predicted textures do not change significantly after
the first cycle.

If we assume that the material is hcp (Figure 6),
texture patterns have the same symmetry as for fcc but
are of course different. During subduction at the poles

again an axisymmetric (fiber) texture develops, this time
with ¢ axes perpendicular to the N-S axis. As the
material extrudes in the equatorial plane, this texture
transforms to a strong (0001) maximum parallel to the
N-S axis (positions 5), rotating as the material reaches
the surface. For the internal trajectories, textures are
again weaker but with a similar pattern. On the outer
part of the external trajectory the texture changes are
largely due to rigid body rotations. As illustrated above
for simple shear (Figure 4), we have investigated the
influence of relative critical shear stresses for basal and
prismatic slip on texture development and observed that
the effect on the ¢ axis orientation distribution is
minimal. Basal slip is mainly responsible for the texture
evolution, even if it is a secondary slip system.

4.2. Seismic Velocity

The simulations indicate that during spherical
convection strong textures develop. The patterns are
rather complex and certainly very different from a
single crystal. No immediate conclusions can be drawn
about the overall anisotropy of elastic constants even
though we expect higher velocities along concentrations
of 111 poles for fcc iron and 0001 poles for hep iron
which are the fast single crystal directions. A more
quantitative estimate is obtained by calculating
aggregate elastic properties for locations along
trajectories, based on single crystal properties and the
orientation distribution.

Single crystals of hexagonal metals with a low c/a
ratio, such as Ti and Zr, do not show a large anisotropy
of elastic constants (Table 3). First principles
calculations for €-iron at core pressure support such a
picture [Stixrude and Cohen, 1995; Soderlind et al.,
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1000 max

820 min

Figure 7. The P wave velocity surfaces for fce (a) and hep iron (b,c) single crystals at core pressure according
to elastic properties from Stixrude and Cohen [1995] for Figures 7a and 7b and from Mao et al. [1998] for
Figure 7c. The c axis is in the center; the surface is normalized so that the highest velocity is 1000 and the
minimum is 825. A linear gray shade scale is indicated.

1996]. On the other hand recent experimental studies
suggest that the anisotropy may be much larger [Singh
et al, 1998; Mao et al, 1998]. In this study we
investigated both cases.

Figure 7 shows equal-area projections of the P
velocity surfaces for fcc and hep single crystals
normalized such that the maximum is 1000. The ¢ axis
is in the center of the figure. For fcc iron the highest
velocity is near 111 and the minimum near 100. The
anisotropy (difference between maximum and minimum
velocity) is 10% (Figure 7a). For hexagonal crystals,
elastic properties have axial syminetry, and therefore

only the ¢ axis is relevant. In the case of hcp iron and
Stixrude and Cohen’s [1995] elastic constants, the
highest velocity is close to the ¢ axis with an anisotropy
of 4% (Figure 7b). This is similar to titanium. For hcp
iron and Mao et al. [1998] elastic constants, the
maximum is on a ring about 40° from the c¢ axis and the
anisotropy is 18% (Figure 7c). This is similar to zinc.

If we know the crystal orientation and the elastic
properties of the single crystal, then we can calculate
elastic properties of the aggregate and the directional
dependence of acoustic wave propagation by weighted
averaging over the orientation distribution, for example,

1225 max

Figure 8. Polycrystal P wave velocity surfaces for fcc iron based on a self-consistent average of orientation
distributions illustrated in Figure 5: (a) external (A) and (b) intermediate streamline (B) for positions 1, 3, 5,
and 7, as illustrated in Figure 2.



WENK ET AL.: CONVECTION AND ANISOTROPY OF THE INNER CORE

(a)

(b)

5673

1213 max

1166 min

Figure 9. Polycrystal P-wave velocity surfaces for hep iron based on a self-consistent average of orientation
distributions illustrated in Figure 6 and elastic constants of Stixrude and Cohen [1995]: (a) external streamline
(A) and (b) intermediate streamline (B) for positions 1, 3, 5, and 7, as illustrated in Figure 2.

with a self-consistent method [Tomé, 1998]. From
polycrystal elastic properties we then calculated P wave
velocity surfaces (assuming a density of 13 g/cm) and
those are represented for the same positions (1-3-5-7) as
pole figures (Figures 5 and 6) on (top) external and
(bottom) intermediate trajectories for fcc (Figure 8) and
hep (Figures 9 and 10). Each of these velocity figures is
representative for the particular location in the inner
core sphere. The largest velocity difference is 4% for
fce, 4% for hep [Stixrude and Cohen, 1995] and 17%
for hep [Mao et al., 1998]. These anisotropies are close
to those of single crystals. Overall high velocities are
parallel to the N-S axis.

(@)

5. Discussion

FEM modeling of convection in a sphere and
polycrystal plasticity simulations document large
deformation and corresponding development of strong
preferred orientation of crystals. Orientation patterns are
variable within the convection cell according to the
different strain gradients. Strain and corresponding
textures are highest along an external streamline and
weaker in the center of the convection cell. These
general observations are true for harmonic degree one
and two convection and would also apply to higher
degree geometries. The lower degree geometries which

1212 max

1000 min

Figure 10. Polycrystal P-wave velocity surfaces for hcp iron based on a self-consistent average of orientation
distributions illustrated in Figure 6 and elastic constants of Mao et al. [1998]: (a) external streamline (A) and
(b) intermediate streamline (B) for positions 1, 3, 5, and 7, as illustrated in Figure 2.
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we considered have axial symmetry and this agrees on
first order with the “cylindrical” anisotropy observed by
seismologists [e.g. Creager, 1992, Romanowicz et al.,
1996; Shearer et al., 1988; Vinnik et al., 1994]. Second-
order harmonic was preferred over first- order because
of the equatorial mirror plane that seemed more likely
and corresponds with the symmetry of the Earth’s
rotation, though not with the magnetic field. If
convection does take place in the inner core, it is likely
that also some higher-order convection occurs. This
would produce more local heterogeneities in patterns
but overall anisotropies would be similar. This could
explain recent detailed seismic observations which
describe deviations from axial symmetry with
differences between eastern and western hemispheres
[Creager, 1999, McSweeney et al., 1997; Shearer,
1994; Song, 1997, Su and Dziewonski, 1995].

Strains during a convection cycle are very high, and
based on this a polycrystal plasticity model that relies
solely on slip as deformation mechanism produces a
very strong crystal alignment. If diffusion accompanies
slip (e.g., during recovery), it is anticipated that the
orientation pattern would be similar but with a wider
spread of orientations. It has been illustrated by Dawson
and Wenk [1999] that a more diffuse texture pattern has
minimal effect on elastic properties because the elastic
modulus is a lower-order property than texture.

At the high deformation and high temperature it is
likely that deformation is accompanied by dynamic
recrystallization. Recrystallization generally modifies
the texture pattern. Depending on the system the
strength of the texture may increase or decrease. If
material is very close to the melting point and
deformation gradients are weak (such as during
spreading along the inner-outer core boundary), textures
may be attenuated by random growth. In the context of
this core model, that is a first-order survey, parameters
are not sufficiently known (particularly the anisotropy

() (b)
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distribution within the inner core) to warrant refining
polycrystal plasticity simulations by including dynamic
recrystallization as we have done with other systems
[Wenk et al., 1997; Lebensohn et al., 1998].

With the convection simulations, maximum
anisotropy of P-waves amounts to 10% for fcc and 4%
and 17% for hcp depending on elastic constants. The
only feature that seismologists have well established is
that P-waves travel through the inner core about 3-4%
faster in the vertical than in the horizontal direction, but
the sampling may be biased [Bréger et al., 1999]. In
order to compare our simulations with those
observations, we have done volume-weighted averages
over the whole sphere. Since we only have 8 points on
each of the three streamlines, we perform this average
by assigning to each step along the streamlines a
representative volume. In these averages over the whole
sphere, anisotropies are much lower (Figure 11). For fcc
and hcp iron [Stixrude and Cohen, 1995] the highest
velocities are still parallel to the N-S axis but
anisotropies are only 0.5% and 2%, respectively. For
hep [Mao et al., 1998], highest velocities are on a ring
at 40° to the N-S axis and the anisotropy is 5%. We are
aware that such a bulk average over a large volume with
heterogeneous  anisotropy is only a first-order
approximation of expected seismic effects. For a more
detailed description wave propagation through a
heterogeneous anisotropic medium would have to be
considered.

Our study documents that deformation during inner
core convection would produce crystal alignments that
could cause elastic anisotropy consistent with presently
available seismic observations. We also have made a
case that physical properties and conditions in the inner
core may be conducive for convection. We can not
exclude that processes other than convection may
produce seismic anisotropy. In our view, melt-textured
growth would rather produce a radial texture than a

1000 max

i i

970 min

(©)

Figure 11. Volume-weighted average of elastic properties over the whole inner core and corresponding P
wave velocity surfaces. Pole is in the center and equator at the periphery. Linear scale with gray shades is
indicated. Maximum is 1000 and minimum 955. Average for (a) fcc iron, (b) hep iron [Stixrude and Cohen,
1995], and (c) hcp iron [Mao et al., 1998], corresponding to the polycrystal plasticity simulations in Figures 5
and 6. It is assumed that the outermost shell has a random orientation distribution.
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single crystal, with little overall anisotropy. And
particularly, a single crystal of huge dimensions and
spherical shape appears very unlikely, since growth
velocities of hexagonal metals are very anisotropic. In
view of the high Rayleigh numbers it would appear that
even if a single crystal or a highly aligned polycrystal
would grow in a melt it would, in the course of the
Earth’s history, be subject to . deformation and
recrystallize. While growth as proposed, for example,
by Karato [1993] or Yoshida et al. [1996] produces a
static (“frozen”) anisotropy, texture development during
convection (whether it is solely by slip or accompanied
by dynamic recrystallization) is a dynamic process and
changes. The finite element calculations suggest that a
convection gycle may take J0-20 millian vears and
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patterns over 40-60 million years. Note that these
dynamics are not related to the temporal changes in
inner core anisotropy recently observed and attributed to
a rigid body rotation of the inner core relative to the
mantle on a much shorter timescale of a few hundred
years [Song and Richards, 1996].

The notion that growth of crystals in the inner core is
caused by stresses imposed by convection of the outer
core [Yoshida et al., 1996] is also subject to the
assumption that convection does not occur inside the
inner core. It is well-established in metals that growth
(grain boundary migration) is controlled by the
deformation state of a crystal, rather than an imposed
stress as suggested by the Kamb [1959] model. This
model, which relies on thermodynamics, has only been
applicable to situations such as “pressure solution”, but
not dynamic recrystallization. Energies introduced by
dislocations are orders of magnitudes higher than
disequilibrium due to stress. But it is conceivable that a
magnetic field could modify growth selection during
dynamic recrystallization [Karato, 1993]. Also the
magnetic field and resuiting Maxwell stress could be the
cause of ductile flow in the inner core [Karato, 1999],
rather than thermally driven convection. Such concepts
could be included in a refined version of the convection
model.

A test to distinguish between convection-produced
deformation texturing and preferential growth could
come from a more detailed tomographic study of inner
core structure. Investigations such as those of Su and
Dziewonski [1995] go in that direction. Originally it was
postulated that anisotropy is concentrated in the
outermost 300 km of the inner core [Tromp, 1993]. But
this opinion has been reversed [Song, 1996; Song and
Helmberger, 1995] to the point of suggesting that
anisotropy extends throughout the inner core and that in
fact the outer 100 km may not be "anisotropic at all,
consistent with our model of random growth close to the
inner-outer core boundary. Convection models would
predict large local variations and different velocities for
waves passing through the core, either horizontally or
vertically, in the equatorial plane and at medium
latitudes.

A distinguishing “difference then between a dynamic
convection-deformation mechanism and a static growth
concept is the character of the anisotropy each
produces, whether it is heterogeneous or homogeneous.
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This puts the burden on seismologists who have, as a
first step, to confirm if anisotropy in the inner core is
real or an artifact [Bréger et al., 1999] and, if anisotropy
prevails, to detail the directionality and local
distribution. If heterogeneity suggests that convection is
active, the model presented here can be refined and
generalized to attempt to account for such data. In
particular, one could more confidently decide between a
fcc and hep (or other) structure for the inner core
mineralogy. We could also explore the anisotropy due
to changing patterns produced by the time-dependent
convective flow. At this point it would become
reasonable to include mechanisms such as
recrystallization and the influence of the magnetic field.

S
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occurs and produces strong deformation. This leads to
crystal preferred orientation and elastic anisotropy.
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